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Background 4D PCMR has the potential to help in understanding the direct relationship between fluid and structure interaction within the cardiovascular system, to allow for 3D visualization of blood flow patterns in the heart, and to make direct wall shear stress measurements. However, the wide dynamic range of velocities in the left ventricle (LV, range of 0-200 cm/s) can create difficulties when optimizing acquisition protocols, especially when attempting to measure complex flow features during filling and diastasis. Additionally, there is no reference standard method to validate velocity flow and wall shear stress measurements. Here we describe our experience with a custom-built MRI compatible physiologic left heart flow phantom which can be used to optimize acquisition parameters, and can be used in the lab to make velocity measurements with particle image velocimetry (PIV).
Methods
The left heart flow phantom ( Figure 1a ) consists of a left ventricular (LV) geometry based on cine MRI scans of a healthy patient. The contraction and relaxation of the LV is controlled via a linearly actuated piston pump. Valves are placed in the mitral and aortic position to generate physiological flow conditions. Adjustable systemic resistances and compliances are used to tune the system to attain physiologic cardiac output and pressures. A 4D PCMR scan was performed in a Siemens Trio 3.0T magnet with the image volume adjusted to cover the entire LV. The scan parameters for the pilot scan are summarized in Table 1 . Cardiac gating was used via TTL triggering, the heart rate was programmed to 70 bpm. The images were post-processed and visualized using in-house code and Paraview.
Results
The 4D PCMR images captured the 3D velocity field within the LV throughout the cardiac cycle. The spatial and temporal resolution chosen was sufficient enough to extract and reconstruct the temporal motion of the ventricular wall (Figure 1b ). The analysis of the extracted 3D velocity field showed and inflow peak velocity of 1.2 m/s through the mitral valve and an outflow of 1 m/s through the aortic valve. Left ventricular outflow tract (LVOT) flow in the phantom showed good qualitative (large flow structures) and quantitative (peak velocities for in and outflow) agreement with PCMR images of a healthy volunteer as well as the PIV data (Figure 1c and d) .
Conclusions
A 4D PCMR scan was performed on the left heart flow phantom developed for this study. The scan parameters used here found that 3D blood flow and wall motion information were extracted; nonetheless, further optimization such as k-t undersampling may allow for higher resolution and shorter scan times. The left heart flow phantom can be used to identify (or optimize) alternative MRI sequences to research valvular and ventricular pathologies. 
